











































































































































































































































































































exceed	 the	 target	 efficiency	 of	 40%,	 they	 offer	 significant	 reductions	 in	













































































































also	 operated	 in	 numerous	 automotive-related	 manufacturing	 facilities,	



























































































































































a	 battery	 or	 super	 capacitor	 that	 handles	 peak	 energy	 demand	 using	 stored	 energy	





















































































































































































































Battery	 2.05E-04 3.08E-05 7.97E-05 9.49E-06 3.42E-05 8.05E-06 3.67E-04 
Grid-to-
H2	 4.47E-04 6.77E-05 1.67E-04 2.15E-05 7.51E-05 1.29E-05 7.92E-04 
SMR-to-
H2	 9.59E-05 5.62E-05 1.01E-04 1.25E-05 3.51E-05 1.45E-05 3.15E-04 
Wind-to-










































































































































































































































































































































































































































































Total	Energy	 1153	kJ/MJ	 1000.00	kJ/MJ	 2153	kJ/MJ	
Fossil	Fuel	 1795	kJ/MJ	 0	J/MJ	 1795	kJ/MJ	
Coal	Fuel	 1025	kJ/MJ	 0	J/MJ	 1025	kJ/MJ	
Natural	Gas	Fuel	 750.31	kJ/MJ	 0	J/MJ	 750.31	kJ/MJ	
Petroleum	Fuel	 19.69	kJ/MJ	 0	J/MJ	 19.69	kJ/MJ	
Water_Reservoir	
Evaporation	 316.90	cm^3/MJ	 	 316.90	cm^3/MJ	
Water_Cooling	 315.98	cm^3/MJ	 	 315.98	cm^3/MJ	
Water_Mining	 24.82	cm^3/MJ	 	 24.82	cm^3/MJ	
Water_Process	 10.80	cm^3/MJ	 	 10.80	cm^3/MJ	
VOC	 15.33	mg/MJ	 0	g/MJ	 15.33	mg/MJ	
CO	 43.17	mg/MJ	 0	g/MJ	 43.17	mg/MJ	
NOx	 90.75	mg/MJ	 0	g/MJ	 90.75	mg/MJ	
PM10	 18.80	mg/MJ	 0	g/MJ	 18.80	mg/MJ	
PM2.5	 7.88	mg/MJ	 0	g/MJ	 7.88	mg/MJ	
SOx	 0.26	g/MJ	 0	g/MJ	 0.26	g/MJ	
CH4	 0.31	g/MJ	 0	g/MJ	 0.31	g/MJ	
CO2	 141.82	g/MJ	 0	g/MJ	 141.82	g/MJ	




SO2	 26.95	ng/MJ	 		 26.95	ng/MJ	
BC	 0.58	mg/MJ	 0	g/MJ	 0.58	mg/MJ	
POC	 1.35	mg/MJ	 0	g/MJ	 1.35	mg/MJ	
CO2_Biogenic	 -0.35	g/MJ	 0	g/MJ	 -0.35	g/MJ	
GHG-100	 151.35	g/MJ	 0	g/MJ	 151.35	g/MJ	
VOC	Urban	 1.09	mg/MJ	 0	g/MJ	 1.09	mg/MJ	
CO	Urban	 9.10	mg/MJ	 0	g/MJ	 9.10	mg/MJ	
NOx	Urban	 22.40	mg/MJ	 0	g/MJ	 22.40	mg/MJ	
PM10	Urban	 3.60	mg/MJ	 0	g/MJ	 3.60	mg/MJ	
PM2.5	Urban	 2.27	mg/MJ	 0	g/MJ	 2.27	mg/MJ	
SOx	Urban	 92.01	mg/MJ	 0	g/MJ	 92.01	mg/MJ	
CH4	Urban	 2.83	mg/MJ	 0	g/MJ	 2.83	mg/MJ	
CO2	Urban	 49.41	g/MJ	 0	g/MJ	 49.41	g/MJ	
N2O	Urban	 0.69	mg/MJ	 0	g/MJ	 0.69	mg/MJ	
SO2	Urban	 0	g/MJ	 	 0	g/MJ	
BC	Urban	 0.14	mg/MJ	 0	g/MJ	 0.14	mg/MJ	
POC	Urban	 0.35	mg/MJ	 0	g/MJ	 0.35	mg/MJ	
CO2_Biogenic	Urban	 -0.08	g/MJ	 0	g/MJ	 -0.08	g/MJ	
BC_TBW	 	 0.47	mg/MJ	 0.47	mg/MJ	
POC_TBW	 	 0.59	mg/MJ	 0.59	mg/MJ	
PM10_TBW	 	 12.99	mg/MJ	 12.99	mg/MJ	




VOC_evap	 	 0	g/MJ	 0	g/MJ	
BC_TBW	Urban	 	 0.33	mg/MJ	 0.33	mg/MJ	
POC_TBW	Urban	 	 0.41	mg/MJ	 0.41	mg/MJ	
PM10_TBW	Urban	 	 8.96	mg/MJ	 8.96	mg/MJ	
PM2.5_TBW	Urban	 	 2.29	mg/MJ	 2.29	mg/MJ	









































Total	Energy	 2443	kJ/MJ	 1000.00	kJ/MJ	 3443	kJ/MJ	
Fossil	Fuel	 2871	kJ/MJ	 0	J/MJ	 2871	kJ/MJ	
Coal	Fuel	 1640	kJ/MJ	 0	J/MJ	 1640	kJ/MJ	
Natural	Gas	Fuel	 1200	kJ/MJ	 0	J/MJ	 1200	kJ/MJ	
Petroleum	Fuel	 31.48	kJ/MJ	 0	J/MJ	 31.48	kJ/MJ	
Water_Reservoir	
Evaporation	 506.78	cm^3/MJ	 	 506.78	cm^3/MJ	
Water_Cooling	 505.31	cm^3/MJ	 	 505.31	cm^3/MJ	
Water_Mining	 39.69	cm^3/MJ	 	 39.69	cm^3/MJ	
Water_Process	 269.14	cm^3/MJ	 	 269.14	cm^3/MJ	
VOC	 24.51	mg/MJ	 0	g/MJ	 24.51	mg/MJ	
CO	 69.04	mg/MJ	 0	g/MJ	 69.04	mg/MJ	
NOx	 0.15	g/MJ	 0	g/MJ	 0.15	g/MJ	
PM10	 30.06	mg/MJ	 0	g/MJ	 30.06	mg/MJ	
PM2.5	 12.61	mg/MJ	 0	g/MJ	 12.61	mg/MJ	
SOx	 0.41	g/MJ	 0	g/MJ	 0.41	g/MJ	
CH4	 0.49	g/MJ	 0	g/MJ	 0.49	g/MJ	
CO2	 226.79	g/MJ	 0	g/MJ	 226.79	g/MJ	
N2O	 3.51	mg/MJ	 0	g/MJ	 3.51	mg/MJ	
SO2	 43.10	ng/MJ	 		 43.10	ng/MJ	




POC	 2.16	mg/MJ	 0	g/MJ	 2.16	mg/MJ	
CO2_Biogenic	 -0.57	g/MJ	 0	g/MJ	 -0.57	g/MJ	
GHG-100	 242.04	g/MJ	 0	g/MJ	 242.04	g/MJ	
VOC	Urban	 1.74	mg/MJ	 0	g/MJ	 1.74	mg/MJ	
CO	Urban	 14.55	mg/MJ	 0	g/MJ	 14.55	mg/MJ	
NOx	Urban	 35.82	mg/MJ	 0	g/MJ	 35.82	mg/MJ	
PM10	Urban	 5.76	mg/MJ	 0	g/MJ	 5.76	mg/MJ	
PM2.5	Urban	 3.63	mg/MJ	 0	g/MJ	 3.63	mg/MJ	
SOx	Urban	 0.15	g/MJ	 0	g/MJ	 0.15	g/MJ	
CH4	Urban	 4.53	mg/MJ	 0	g/MJ	 4.53	mg/MJ	
CO2	Urban	 79.01	g/MJ	 0	g/MJ	 79.01	g/MJ	
N2O	Urban	 1.10	mg/MJ	 0	g/MJ	 1.10	mg/MJ	
SO2	Urban	 0	g/MJ	 	 0	g/MJ	
BC	Urban	 0.22	mg/MJ	 0	g/MJ	 0.22	mg/MJ	
POC	Urban	 0.56	mg/MJ	 0	g/MJ	 0.56	mg/MJ	
CO2_Biogenic	Urban	 -0.13	g/MJ	 0	g/MJ	 -0.13	g/MJ	
BC_TBW	 	 0.30	mg/MJ	 0.30	mg/MJ	
POC_TBW	 	 0.38	mg/MJ	 0.38	mg/MJ	
PM10_TBW	 	 8.22	mg/MJ	 8.22	mg/MJ	
PM2.5_TBW	 	 2.10	mg/MJ	 2.10	mg/MJ	
VOC_evap	 	 0	g/MJ	 0	g/MJ	




POC_TBW	Urban	 	 0.26	mg/MJ	 0.26	mg/MJ	
PM10_TBW	Urban	 	 5.67	mg/MJ	 5.67	mg/MJ	
PM2.5_TBW	Urban	 	 1.45	mg/MJ	 1.45	mg/MJ	














































Total	Energy	 818.75	kJ/MJ	 1000.00	kJ/MJ	 1819	kJ/MJ	
Fossil	Fuel	 1769	kJ/MJ	 0	J/MJ	 1769	kJ/MJ	
Coal	Fuel	 141.48	kJ/MJ	 0	J/MJ	 141.48	kJ/MJ	
Natural	Gas	Fuel	 1620	kJ/MJ	 0	J/MJ	 1620	kJ/MJ	
Petroleum	Fuel	 8345.16	J/MJ	 0	J/MJ	 8345.16	J/MJ	
Water_Reservoir	
Evaporation	 43.72	cm^3/MJ	 	 43.72	cm^3/MJ	
Water_Cooling	 43.60	cm^3/MJ	 	 43.60	cm^3/MJ	
Water_Mining	 9.50	cm^3/MJ	 	 9.50	cm^3/MJ	
Water_Process	 89.20	cm^3/MJ	 	 89.20	cm^3/MJ	
VOC	 18.10	mg/MJ	 0	g/MJ	 18.10	mg/MJ	
CO	 61.88	mg/MJ	 0	g/MJ	 61.88	mg/MJ	
NOx	 86.59	mg/MJ	 0	g/MJ	 86.59	mg/MJ	
PM10	 14.63	mg/MJ	 0	g/MJ	 14.63	mg/MJ	
PM2.5	 13.08	mg/MJ	 0	g/MJ	 13.08	mg/MJ	
SOx	 49.88	mg/MJ	 0	g/MJ	 49.88	mg/MJ	
CH4	 0.45	g/MJ	 0	g/MJ	 0.45	g/MJ	
CO2	 105.75	g/MJ	 0	g/MJ	 105.75	g/MJ	
N2O	 2.37	mg/MJ	 0	g/MJ	 2.37	mg/MJ	
SO2	 3.72	ng/MJ	 		 3.72	ng/MJ	




POC	 0.54	mg/MJ	 0	g/MJ	 0.54	mg/MJ	
CO2_Biogenic	 -0.05	g/MJ	 0	g/MJ	 -0.05	g/MJ	
GHG-100	 119.96	g/MJ	 0	g/MJ	 119.96	g/MJ	
VOC	Urban	 2.41	mg/MJ	 0	g/MJ	 2.41	mg/MJ	
CO	Urban	 13.31	mg/MJ	 0	g/MJ	 13.31	mg/MJ	
NOx	Urban	 20.87	mg/MJ	 0	g/MJ	 20.87	mg/MJ	
PM10	Urban	 8.50	mg/MJ	 0	g/MJ	 8.50	mg/MJ	
PM2.5	Urban	 8.32	mg/MJ	 0	g/MJ	 8.32	mg/MJ	
SOx	Urban	 12.90	mg/MJ	 0	g/MJ	 12.90	mg/MJ	
CH4	Urban	 6.22	mg/MJ	 0	g/MJ	 6.22	mg/MJ	
CO2	Urban	 61.45	g/MJ	 0	g/MJ	 61.45	g/MJ	
N2O	Urban	 0.40	mg/MJ	 0	g/MJ	 0.40	mg/MJ	
SO2	Urban	 0	g/MJ	 	 0	g/MJ	
BC	Urban	 63.81	ug/MJ	 0	g/MJ	 63.81	ug/MJ	
POC	Urban	 0.16	mg/MJ	 0	g/MJ	 0.16	mg/MJ	
CO2_Biogenic	Urban	 -0.01	g/MJ	 0	g/MJ	 -0.01	g/MJ	
BC_TBW	 	 0.30	mg/MJ	 0.30	mg/MJ	
POC_TBW	 	 0.38	mg/MJ	 0.38	mg/MJ	
PM10_TBW	 	 8.22	mg/MJ	 8.22	mg/MJ	
PM2.5_TBW	 	 2.10	mg/MJ	 2.10	mg/MJ	
VOC_evap	 	 0	g/MJ	 0	g/MJ	




POC_TBW	Urban	 	 0.26	mg/MJ	 0.26	mg/MJ	
PM10_TBW	Urban	 	 5.67	mg/MJ	 5.67	mg/MJ	
PM2.5_TBW	Urban	 	 1.45	mg/MJ	 1.45	mg/MJ	














































Total	Energy	 532.77	kJ/MJ	 1000.00	kJ/MJ	 1533	kJ/MJ	
Fossil	Fuel	 286.12	kJ/MJ	 0	J/MJ	 286.12	kJ/MJ	
Coal	Fuel	 139.27	kJ/MJ	 0	J/MJ	 139.27	kJ/MJ	
Natural	Gas	Fuel	 106.37	kJ/MJ	 0	J/MJ	 106.37	kJ/MJ	
Petroleum	Fuel	 40.48	kJ/MJ	 0	J/MJ	 40.48	kJ/MJ	
Water_Reservoir	
Evaporation	 43.04	cm^3/MJ	 	 43.04	cm^3/MJ	
Water_Cooling	 42.99	cm^3/MJ	 	 42.99	cm^3/MJ	
Water_Mining	 5.56	cm^3/MJ	 	 5.56	cm^3/MJ	
Water_Process	 182.51	cm^3/MJ	 	 182.51	cm^3/MJ	
VOC	 2.91	mg/MJ	 0	g/MJ	 2.91	mg/MJ	
CO	 8.63	mg/MJ	 0	g/MJ	 8.63	mg/MJ	
NOx	 19.97	mg/MJ	 0	g/MJ	 19.97	mg/MJ	
PM10	 2.67	mg/MJ	 0	g/MJ	 2.67	mg/MJ	
PM2.5	 1.18	mg/MJ	 0	g/MJ	 1.18	mg/MJ	
SOx	 35.49	mg/MJ	 0	g/MJ	 35.49	mg/MJ	
CH4	 48.06	mg/MJ	 0	g/MJ	 48.06	mg/MJ	
CO2	 22.33	g/MJ	 0	g/MJ	 22.33	g/MJ	
N2O	 0.31	mg/MJ	 0	g/MJ	 0.31	mg/MJ	
SO2	 3.66	ng/MJ	 		 3.66	ng/MJ	




POC	 0.23	mg/MJ	 0	g/MJ	 0.23	mg/MJ	
CO2_Biogenic	 -0.05	g/MJ	 0	g/MJ	 -0.05	g/MJ	
GHG-100	 23.82	g/MJ	 0	g/MJ	 23.82	g/MJ	
VOC	Urban	 0.63	mg/MJ	 0	g/MJ	 0.63	mg/MJ	
CO	Urban	 2.88	mg/MJ	 0	g/MJ	 2.88	mg/MJ	
NOx	Urban	 7.54	mg/MJ	 0	g/MJ	 7.54	mg/MJ	
PM10	Urban	 0.54	mg/MJ	 0	g/MJ	 0.54	mg/MJ	
PM2.5	Urban	 0.35	mg/MJ	 0	g/MJ	 0.35	mg/MJ	
SOx	Urban	 12.75	mg/MJ	 0	g/MJ	 12.75	mg/MJ	
CH4	Urban	 0.96	mg/MJ	 0	g/MJ	 0.96	mg/MJ	
CO2	Urban	 8.65	g/MJ	 0	g/MJ	 8.65	g/MJ	
N2O	Urban	 97.10	ug/MJ	 0	g/MJ	 97.10	ug/MJ	
SO2	Urban	 0	g/MJ	 	 0	g/MJ	
BC	Urban	 24.89	ug/MJ	 0	g/MJ	 24.89	ug/MJ	
POC	Urban	 71.19	ug/MJ	 0	g/MJ	 71.19	ug/MJ	
CO2_Biogenic	Urban	 -0.01	g/MJ	 0	g/MJ	 -0.01	g/MJ	
BC_TBW	 	 0.30	mg/MJ	 0.30	mg/MJ	
POC_TBW	 	 0.38	mg/MJ	 0.38	mg/MJ	
PM10_TBW	 	 8.22	mg/MJ	 8.22	mg/MJ	
PM2.5_TBW	 	 2.10	mg/MJ	 2.10	mg/MJ	
VOC_evap	 	 0	g/MJ	 0	g/MJ	




POC_TBW	Urban	 	 0.26	mg/MJ	 0.26	mg/MJ	
PM10_TBW	Urban	 	 5.67	mg/MJ	 5.67	mg/MJ	
PM2.5_TBW	Urban	 	 1.45	mg/MJ	 1.45	mg/MJ	
VOC_evap	Urban	 	 0	g/MJ	 0	g/MJ	
 
 
 
 
 
 
Impact	Category	 Normalization	Factor	(impact	
per	person	per	year)	
Global	Warming	(kg	CO2	eq)	 24000	
Acidification	(kg	SO2	eq)	 9.1	
Human	Health	Particulate	Air	
(PM2.5	eq)	
2.4	
Eutrophication	(kg	N	eq)	 2.2	
Smog	(Photochemical	Ozone	
Formation)	(kg	O3	eq)	
1400	
Fossil	Fuel	Depletion	(MJ	
surplus)	
17000	
Figure	A1.	Normalization	Factors	for	TRACI’s	Impact	Categories	
(Ryberg,	2013)	
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